The bHLH transcription factor, Hand1 has been implicated in cardiac looping in the mouse, however its function in the developing heart remains unknown. To investigate the mechanism(s) through which Hand1 might function, we screened for potential downstream target genes using representational difference analysis. Thymosin b4 was found to be down-regulated whereas cystatin C and aCA were up-regulated in Hand1-null embryoid bodies. Whole-mount in situ hybridisation on wild type embryos (E8.0-E10.5) and Hand1 homozygous-mutant embryos (E8.0) confirmed co-expression of the putative targets with Hand1 in the heart and their aberrant expression in a Hand1-null background. q
Results and discussion
RDA has been used successfully to clone differentially regulated genes in a number of systems, including the developing heart (Yamagishi et al., 1999) . In this study, RDA was carried out between pools of poly(A) RNA from in vitro differentiated wild type R1 and Hand1-null ES cells, followed by rounds of PCR-based suppressive-subtractive hybridisation, to identify genes that were Hand1-dependent. Differentiated Hand1 null-ES cells (Riley et al., 2000) were used, as opposed to Hand1-null embryos since, at an appropriate time of retrieval, Hand1-null embryos represent a very limited source of RNA and are dying from associated extra-embryonic defects, which will clearly influence Hand1-independent gene expression. Tetraploid-rescued Hand1-null mutant embryos (Riley et al., 1998) are not only difficult to generate but may potentially present problems in attributing differential regulation of genes to a Hand1-deficiency due to degeneration and necrosis associated with heart failure. The Hand1-null ES cells represent a viable, multi-potent cell population morphologically indistinct in vitro from wild type cells. The two populations of cells can be maintained under identical culture conditions and sampled at equivalent stages of differentiation. Wild type R1 ES cells and Hand1 homozygous mutant ES cells were cultured in vitro as 'floating embryoid bodies' and subsequently left to differentiate over a period of 14 days. Day 8 of differentiation constitutes the time of up-regulation of Hand1 in wild type ES cell cultures (Riley et al., 2000) . The intervening period between days 8 and 14 is consistent with the activation of a number of cardiac-specific transcripts and is characterised by the emergence of the full range of differentiated cell types, including cardiomyocytes (Riley et al., 2000) . Differentiation of cardiomyocytes in floating embryoid bodies has been shown to be comparable to differentiation of fetal cardiomyocytes in vivo (Doevendans et al., 2000) . Moreover, floating embryoid bodies are competent to undergo primitive morphogenesis (vesicle formation, cavitation), which ensures cell adhesion molecules and genes involved in cell movement are expressed as potential targets of the RDA.
Resulting clones were determined as putative positives by an initial high throughput screen involving reverse northern analysis on clones dotted onto membranes and probed with the labelled enriched forward and reverse subtracted pools of cDNA (data not shown). Primary clones showing altered expression (.2.5-fold) in a Hand1-null background were selected for subsequent secondary screens using conventional Northern blot analysis of poly(A) RNA from wild type and Hand1-null differentiated ES cells. Positives were sequenced and screened against the GenBank EST database (see Table 1 ). Forward and reverse RDA screens resulted in a total of 51 clones, confirmed as positives by reverse northern, including: novel ESTs (24; 13 of which are expressed in embryonic/fetal heart libraries), house-keeping genes (8), transcriptional activators/repressors (4), cardiacspecific (4), cell cycle regulators (4), extracellular matrixassociated genes (3), actin assembly regulators (4).
A cohort of the known genes resulting from the forward and reverse RDA have been implicated in cell movement and migration pathways, either directly, through the regulation of the actin cytoskeleton, or indirectly via extracellular matrix (ECM) remodelling (Table 1 ). This observation, along with the fact that Hand1 itself has been shown to play a cell autonomous role in migratory cardiomyocyte and neural crest populations in the developing heart (Riley a Genes of which expression is consistently suppressed (down-regulated) or enhanced (up-regulated) .2.5-fold in day 14 Hand1-null embryoid bodies compared to wild type equivalents. Clones were screened by reverse northern, sequenced and identified by BLAST search against mouse non-redundant and UNIGENE databases. The accession number is the GenBank entry that matches the clone sequence with E value 0.0. Novel expressed sequence tags (ESTs) or unknown genes arising from the RDA are not shown. , 2000) , prompted us to focus on Hand1-dependent genes whose function is known to impact on cell movement during organogenesis. Three putative 'targets' selected on this functional basis and, importantly, represented by multiple clones (n $ 2) following either screen, were: thymosin b 4 (Tb 4), an actin monomer binding protein implicated in regulating the dynamics of the actin cytoskeleton and actinbased cell motility (Sun et al., 1995; van Troys et al., 1996; Clark et al., 2000; Kobayashi et al., 2002) , cystatin C, a cysteine proteinase inhibitor involved in ECM turnover, and specifically embryo implantation and placentation (Afonso et al., 1997 ) and a -cardiac actin (a CA), an essential component of the cardiomyocyte cytoskeleton and cardiac sarcomere (Arber et al., 1997; Chen and Chien, 1999; Wei et al., 2001) .
Tb 4 was found to be down-regulated in Hand1-null embryoid bodies following RDA and northern analysis (Fig. 1A) whereas in a second RDA screen, in which the driver and tester cDNA populations were reversed, cystatin C and a CA were found to be up-regulated in a Hand1-null background (Fig. 1B) .
Significantly, we demonstrate here that Tb 4, cystatin C and a CA are temporally and spatially co-expressed with Hand1 in the left ventricle and outflow tract of the developing heart in wild type embryos at mid-gestation stages (E9.5-10.5; Figs. 2-4). The co-expression of Tb4, cystatin C and a CA with Hand1 appears to be limited to the heart, since none of these three targets is expressed in other lineages in which Hand1 is localised at mid-gestation, notably the lateral plate mesoderm, medial region of the first branchial arch (Fig. 2G) , developing limb buds and sympathetic nervous system (data not shown; Riley et al., 2000) .
Tb4 is expressed in the anterior-frontal region of the left ventricular myocardium (Figs. 2A,B,D) at E10.0, overlapping the ventricular expression pattern of Hand1 at this stage (Figs. 2G,H) . Tb4 transcripts were also detected in two distinct areas of the proximal outflow tract, pre-septation ( Fig. 2C ) and in presumptive cardiac neural crest, migrating through the pharyngeal arch region, (Figs.  2B,D) where Hand1 also appears to be expressed (Fig.  2H) . Transverse sections through wild type hearts at E10.0 reveal further expression domains for Tb 4 in both the pericardium and endocardium including the developing endocardial cushions of the atrio-ventricular canal (Figs. 2D,E) consistent with that previously reported (Gomez-Marquez et al., 1996) .
Cystatin C is expressed in the left ventricle, notably the outer curvature (Figs. 3A,B) and in the outflow tract Probes specific for Hand1, Tb4, cystatin C and a -CA and Gapdh, as a control for mRNA loading, were used. Bands on northerns were quantified and normalised to Gapdh using scanning densitometry. Note (A) the downregulation of Tb 4; and (B) up-regulation of cystatin C and a-CA in a Hand1-null background.
myocardium at E10.0 (Fig. 3C ) in a similar pattern to Hand1 (Figs. 2G,H) . Transverse sections reveal that cystatin C is specifically localised to ventricular myocardium and in particular the developing trabeculae (Fig. 3C) . Expression of cystatin C persists in the outer curvature in more caudal regions of the developing left ventricle (Fig. 3D ) and can also be detected in the truncus arteriosus of the proximal outflow tract (Fig. 3C ) consistent with that observed for Hand1 (Fig. 2H) . To the best of our knowledge this constitutes the first report of cystatin C expression in the developing heart. a CA is expressed in both the common ventricle and atrial chambers of the heart at E9.5 (Figs. 4A,B) as well as in the myotome of the developing somites (Fig. 4A) . Coronal sections through E10.5 wild type hearts reveal a CA expression throughout the ventricular myocardium (Figs. 4C,D) , specifically in the trabeculae (Fig. 4D) , overlapping the expression of Hand1 in the left ventricle (Figs. 4G,H; Riley et al., 2000) . In addition, a CA is expressed in the myocardium of both the common atrial chamber (not shown) and wall of the truncus arteriosus at this stage (Fig. 4C) . Abbreviations: avc, atrio-ventricular canal; ba, branchial arch; bc, bulbis cordis; cc, cardiac neural crest; e, endocardium; ec, endocardial cushion; la, left atrium; lpm, lateral plate mesoderm; lv, left ventricle; m, myocardium; ot, outflow tract; ra, right atrium. Arrows indicate relative orientations of the dorsalventral and right-left embryonic axes. D) and aCA (E, F) mRNA expression in E8.0 wild type embryos and somite-matched Hand1-null embryos, respectively, detected by whole-mount in situ hybridisation. Mutant embryos are shown contained within the visceral yolk sac. Wild type, heart tubes are highlighted by a red dashed line and the presumptive hearts of mutant embryos are highlighted by a red circle. (G-J) Early markers of cardiac differentiation define the heart field in Hand1 mutants: whole-mount in situ hybridisation for the cardiac-specific transcripts Nkx2-5 (G, H); and Gata4 (I, J) in Hand1-null embryos at E8.0. Expression of both genes demarcates the presumptive heart field in the mutant embryos at this stage (black arrowheads) consistent with the expression patterns observed for cystatin C (D); and aCA (F) . Note the pattern of Nkx2-5 expression in (H) confirms the developmental delay in terms of linear heart tube formation (black arrowheads). Abbreviations: hf, head fold; ht, heart tube; lpm, lateral plate mesoderm; nt, neural tube; pht, presumptive heart; so, somite; ys, visceral yolk sac. Arrows indicate relative orientations of the anterior-posterior and dorsal-ventral embryonic axes.
Whole-mount in situ hybridisation on Hand1-null embryos at E8.0 confirmed the mis-expression of these target genes in mutant hearts (Figs. 5A-F) . Tb 4 is expressed at relatively low levels in the wild type linear heart tube at E8.0 (Fig. 5A ) but is completely down-regulated in the presumptive heart field of Hand1 mutants at an equivalent somite-matched stage (Fig. 5B) . Tb4 expression is, however, maintained in the mutant embryos in lineages in which Hand1 is not normally expressed, such as the somites and yolk sac vasculature (Fig. 5B) . Cystatin C is expressed in mutant hearts at levels significantly above that observed in wild type embryos at E8.0 (Figs. 5C,D) whereas expression is observed in the neural tube of the mutants (Fig. 5D ) at a level comparable to wild type (data not shown). aCA, which itself serves as a marker of the cardiac field in the Hand1-null embryos, is significantly up-regulated in the mutant heart. a CA also appears to be ectopically expressed in pre-cardiac mesoderm along the lateral plate, either side of the ventral mid-line (Fig. 5F ), suggesting a developmental delay in terms of linear heart tube formation. The precise location of the presumptive heart field in Hand1-mutants was confirmed by whole-mount in situ hybridisation for Nkx2-5 and Gata4, markers of cardiac progenitors expressed during early stages of cardiomyocyte differentiation (Lints et al., 1993; Arceci et al., 1993; Figs. 5G-J) .
Experimental procedures

Culture of floating embryoid bodies
ES cell lines (wild type 1/1, R1; heterozygous 1/2, line14A3; homozygous 2/2, lines 6.13 and 6.22) were maintained in culture, as previously described (Riley et al., 2000) . Cells at approximately 80% confluence were trypsinised and harvested in leukaemia inhibitory factor (LIF)-free differentiation medium. Cells (,10 6 ) were transferred to 100 mm non-coated bacteriological plates and maintained in floating culture for 14 days, with daily feeding. Embryoid bodies were harvested after 14 days of differentiation, washed twice in PBS and Poly(A) RNA was isolated using the Micro-Fast Track 2.0 kit (Invitrogen).
Representational difference analysis
Poly(A) RNA (2 mg) from wild type and Hand1-null day 14 embryoid bodies was used to generate cDNA using the SMART cDNA synthesis kit (Clontech). PCR-Select (Clontech) was used for PCR-based subtractive hybridisation. Two pools of RsaI (4-base cutter)-digested wild type cDNA were used as tester and ligated to unique adapters. RsaI-digested Hand1-null cDNA was used as driver without adapters. The tester population was hybridised with excess driver and subtracted species amplified with the two unique adapters in the tester cDNA to produce a pool of transcripts, which are down-regulated in a Hand1-null background. The screen was reversed such that the wild type cDNA acted as driver and the Hand1-null cDNA as the tester, to produce a pool of transcripts specifically up-regulated in a Hand1-null background. The PCR products were cloned, sequenced and used as probes on northern blots containing the original wild type and Hand1-null poly(A) RNA.
Northern blot analysis
Northern blot analysis was performed using the Northern Max kit (Ambion). A total of 5 mg of mRNA were separated on a denaturing formaldehyde-agarose gel and transferred onto nylon membrane. The membrane was hybridised overnight at 428C with denatured probe (Hand1, Tb 4, cystatin C, a CA or Gapdh), labelled with [a-32 P] dCTP, by random prime labelling. After washing (2 £ 5 min washes in lowstringency buffer at room temperature; 2 £ 15 min washes in high-stringency buffer at 428C), the membrane was exposed to film. Membranes were stripped and rehybridised with other 32 P-labelled probes and finally with a probe for Gapdh.
Whole-mount in situ hybridisation
Whole-mount in situ hybrdisation was performed, as previously described (Wilkinson, 1992) , with minor modifications. A total of 0.5% CHAPS detergent was added to the Hybridisation buffer and hybridisation was carried out at 688C using the following probes: Tb 4 (RDA clone), Hand1 (Cross et al., 1995) , cystatin C (RDA clone), a CA (RDA clone), Nkx2-5 (Lints et al., 1993) and Gata4 (Arceci et al., 1993) . Blocking buffer additionally contained 1% BSA and 10% sheep serum. Antisense RNA probes were labelled with digoxigenin. Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-Indolyl-phosphate (NBT/BCIP tablets, Amersham Pharmacia) were used as colour reagents for probe detection. To stop the NBT/BCIP reaction, embryos were washed in PBS with 0.1% Triton X-100 (PBT) and fixed overnight (4% paraformaldehyde in PBS at 48C). To reduce background, embryos were cleared in 100% methanol for 10 min on a nutator and rehydrated through a methanol:PBS gradient: 5 min in each of 75:25, 50:50 and 25:75. Finally embryos were stored at 48C in PBS containing 1% azide prior to photography or histological sectioning.
Whole-mount embryo sectioning and staining
Following in situ hybridisation, embryos were dehydrated in a series of 30-min ethanol:saline washes, as follows: saline (twice); 50% ethanol (once); 70% ethanol (twice); 85% ethanol (once); 95% ethanol (once) and 100% ethanol (twice). Dehydrated embryos were equilibrated with Histoclear (two 30-min incubations) and then with molten paraffin wax (three 20-min incubations at 608C). Embryos were orientated in moulds and allowed to set. Trimmed blocks were mounted on a microtome and 6 mm coronal, sagital or transverse sections were cut. Sections were dewaxed in Histoclear (two 5-min incubations) and washed in serial ethanol dilutions (3-5 min per wash), as follows: 100% ethanol (twice), 95% ethanol, 80% ethanol, 70% ethanol. After two 5-min washes in distilled water, sections were incubated with 0.5% eosin for 10 min, washed twice in distilled water and allowed to air-dry at room temperature. Stained sections were mounted under a coverslip using DPX (BDH), for visualisation on an Olympus SZ4045TR microscope.
